JOURNAL OF FOREST SCIENCE, 50, 2004 (10): 447-455 Issues of thinning have been studied from many aspects for a long time. First of all the type, intensity and interval of thinnings have been studied. Thinnings are studied in stands of all commercially important tree species with the aim of increasing their production, yield as well as stability and health condition. In Slovakia HALAJ (1975) and HALAJ et al. (1986) dealt with thinnings as a complex, but mainly from the production aspect. The results of the research were indicators of the type, intensity and interval of thinnings for 5 main tree species, namely spruce, fir, pine, oak and beech. In the case of spruce only the stands at lower locations were involved. It means that for spruce stands of mountain locations, i.e. mountain spruce stands of the 7 th altitudinal spruce zone, no thinning research has been carried out. Its lower boundary in Slovakia corresponds to the altitude of approximately 1,300 m.
Thinning intensity is the most important indicator from the operational and management aspects. It can be given in absolute or relative units. Type of thinning can be given by means of quantitative indicators, volume (I v ), diameter (I d ) and height (I h ) thinning index (HALAJ 1975) . JOHNSTON et al. (1967) determined volume index I v for different types and levels of thinnings.
Thinning interval is the most important time indicator of thinning. It incorporates the beginning of thinning and its duration within rotation. According to SANIGA (1985) the first thinning should be carried out immediately at the beginning of pole stage forest, at the latest with average diameter of stand 10 cm or at the stand age of 25 years. ABETZ (1975) constructed directive curves for performing thinnings in spruce stands. RÉH (1993) recommended to start with thinning in mountain forests early as they are the most effective within 40-50 years from the aspect of forest function fulfilment in protective forests. In Scandinavia, only 2-3 thinnings for the whole rotation are reckoned with (KORPEĽ et al. 1991) . In French yield tables for the pine Pinus pinaster (DÉCOURT, LEMOINE 1969) differentiated thinning interval of 4, 6 and 8 years is used. At present, especially in the stands of spruce growth type, heavy thinnings with low frequency (4-5 per rotation) and with intervals longer than 10 years are applied (KORPEĽ et al. 1991) . In accordance with Work Procedures for Forest Management in Slovakia (1995) in forest practice, thinning is a treatment in the stand in which average diameter is minimally 10 cm.
The aim of the paper is to derive decennial thinning percents, type and interval of thinnings in spruce stands in mountain locations of Slovakia from empirical data on marked thinnings on thinning research plots.
MATERIALS AND METHODS
Background data were obtained by own measurements on 83 single thinning research plots that were established by the authors in 1999-2002, and on 10 pilot research plots established by Lesoprojekt Zvolen (Institute for Forest Management) with the aim of construction of yield tables already in 1970-1980 and preserved up to now. Single thinning research plots were established proportionally in relation to the spruce distribution in mountain regions of Slovakia. A majority of the plots, 47, were established in the Low Tatras Mts. and 25 plots in the High Tatras Mts. The remaining plots are in the Slovenské Rudohorie Mts. and the Poľana Mts. On 10 pilot research plots 15 repeated measurements from the past years were carried out and they were re-measured again. 108 measurements were done on all 93 research plots. Research plots were established in closed spruce stands at mountain locations of the 7 th altitudinal spruce vegetation zone. The area of plots ranged from 0.08 to 0.36 ha and it was marked in a way to include minimally 200-250 trees. On average there were 248 trees per plot.
The aim of thinning was to increase stand resistance to injurious agents, improve health condition and stand environment as well as to modify stand density. Marked thinning corresponded to the momentary state of the stand, age, site class, standing volume and its distribution in the stand, quality of trees and their health condition, stand tending used until then, stand resistance, degree of threat and site conditions. Basic silvicultural characteristics of marked thinnings were as follows: 1. Type of thinning: low thinning with removal of tree classes 5, 4, part of 3 and 2b. 2. Selection: negative, removing undesirable parts of stand. 3. Thinning intensity: moderate adapted to the main aim of thinning. 4. Interval: 10 years.
Age and yield class composition of research plots is illustrated in Fig. 1 . Based on it the age of stands is 30 to 105 years and absolute height site class according to mean height at the age 100 years is within the range 18-36. Density of stands is calculated according to stocking from yield tables HALAJ et al. (1987) with the highest stock level 3.0 within the range 0.52-1.40. There are eight forest types represented on these plots.
Based on the measured characteristics of trees on research plots average and per-hectare values were calculated for total stand, main stand and secondary stand. They were used for the derivation of some other values as thinning percent and thinning indexes. Thinning percent as the value of relative thinning intensity is given by the ratio of timber volume from thinning (standing volume of secondary stand) to standing volume of main stand after thinning in percent according to the formula:
where: V 3t % -thinning percent at the age t, V 3t -standing volume of secondary stand at the age t, V 2t -standing volume of main stand at the age t.
Volume (I v ), diameter (I d ) and height (I h ) thinning index was calculated according to the formulas: Based on the calculated values, regression models of empirical thinning percent of spruce in mountain locations were derived according to formulas (1)-(4). Derived model values were compared with the models of spruce stands at lower locations as given by HALAJ et al. (1986) . At the same time regression models of thinning indexes were derived and thinning intervals were proposed for the stands of mountain spruce stands.
RESULTS
Thinnings that were marked on research plots followed from the state and needs of concrete stand tending of mountain spruce stands. They were induction thinnings that followed from a certain state of stands. Their intensity changes according to repeated treatments. Within these treatments they become closer to development thinning percents gradually. After the establishment of plots and marking of thinnings it was found that the stand structure was very imbalanced. It was particularly of very different quality, health condition but mainly damage to trees first of all by abiotic injurious agents. There occurred stands that had been only under natural effects during the whole life, very dense stands with accumulated large number of trees of secondary stand as well as not so dense stands and partially tended stands. Empirical material of thinnings was verified consistently before the own assessment. Suitability of determined treatments was evaluated according to biometric criteria (volume thinning index, thinning percent) and existing descriptive data on research plots. Decennial thinning percents were calculated according to formula (1) in volume units, stem volume outside bark and volume of wood exceeding 7 cm diameter inside bark. With regard to the very high density and stock level of stands in mountain spruce forests more accurate stocking was calculated according to the data from yield tables of HALAJ et al. (1987) with stock level 3.0. After general evaluation of the whole empirical material, especially its variability, it was divided into two sets, namely one set for: 1. Untended stands which represent the first treatments on research plots being established in stands not tended until then or in stands with absolutely neglected tending. 2. Partially tended stands represented by stands with evidently performed tending treatments in a previous period. In any case this is not a purposeful (systematic) and long-term tending of these stands. Model decennial thinning percents were derived for both sets according to a mathematical model (HALAJ et al. 1986 ) where thinning intensity depends on the age t and stocking ρ of the stand:
Models were derived by non-linear least-squares methods. Table 1 presents mathematical and statistical characteristics and parameters of both models. Correlation index is a rate of closeness. It has the value 0.678 for partially tended stands and 0.770 for untended stands. Variability of measured thinning percents around the values fitted by a mathematical model is given by absolute and relative mean error of regression equation. This gives standard deviation (or coefficient of variation) of empirical thinning percents round to equalled. Absolute error has the value ±3.44% and relative almost 33.3% with partially tended stands and ±3.5%, 21.7% for untended stands. The values of mean error are relatively high but appropriate to the considerable variability of thinning percents in empirical material.
Derived models of decennial thinning percents for untended and partially tended stands with stocking 1.0-0.9-0.8-0.7 are illustrated in differences between the models of both groups. Untended stands have higher values by about 4-7% than partially tended stands. This difference decreases with higher age. Relatively small differentiation of derived models is conditioned by the fact that the groups of partially tended stands are represented by research plots displaying frequently only some indications of thinning. It means their systematic tending is not going on. We can state on the basis of derived models that inductive thinning percents are influenced more significantly only by two factors, namely age and stocking. Dependence on age slightly decreases in hyperbola. Stocking effect is slightly more significant. With lower stocking thinning percent also decreases more intensively. In addition to the factors that are direct variables in the mathematical model, it is necessary to consider especially stand tending until now. As to the experimental material this tending of stands was registered only on the basis of evident presence of old and older stumps after tree felling. The intensity and type of thinning were decisive but stand structure, quality and health condition of stems and whole trees, their damage by injurious agents and others were also important. There were lots of dead trees in the stands of mountain spruce forests and they were difficult to include or not in decennial thinning. A subjective view and approach of the person marking thinning cannot be neglected either. The experience of a concrete person who is able not only to appraise the actual state of the stand but also to estimate the intensity of thinning appropriately for an in-advance chosen 10-year thinning interval is important.
Type of thinnings
We evaluated the type of marked thinnings in spruce stands of mountain locations by means of qualitative and quantitative indicators. Though qualitative indicators for the evaluation of thinnings are very broad and uncertain, they are very popular in forestry practice. Based on these indicators we distinguished 3 degrees of low thinnings on research plots: 1. The proper low thinning including sporadic intervention into the crown layer. 2. Low thinning with moderate intervention into the crown layer. 3. Low thinning with frequent intervention into the crown layer. In our empirical material the 2 nd degree, it means low thinning with moderate intervention into the crown layer, occurs the most frequently (54.4%). The two remaining degrees have the same proportion (22.8%). Low thinning is reasonable for spruce as it is the tree species with naturally balanced quality of stems. Cases of more frequent treatments in the crown layer occurred mainly in stands heavily damaged by snow or rime (sanitary selection) and during adjustment of spacing in very dense groups of trees.
Quantitative indicators of the type of thinning, for example thinning indexes I v , I d , I h , have the advantage that they specify qualitative (verbal) definitions of different types of thinning simply numerically and logically. On research plots thinning indexes were calculated according to formula (2), (3) and (4) Besides the basic statistical characteristics of thinning indexes their dependences on the age of stand were also derived. To fit volume index I v hyperbola of the following form was used:
Mathematical and statistical characteristics of fitting are shown in Table 3 . The values of absolute mean error 0.092 (relative mean error 18.76%) and correlation index 0.138 of untended stands show high variability of I v index and its small dependence on age. According to regression discount they are influenced by the age of stand only in about 2% of dependence. Correlation index of partially tended stands is higher with regression discount 22%. Dependence of I v on age is smaller for untended than for partially tended stands. The unfitted and fitted course of volume thinning index I v of untended and partially tended stands in dependence on age is illustrated in Fig. 3 .
Derived volume thinning indexes I v can be used for determining the mean stem of thinning from the mean stem of total stand of spruce stands in mountain locations. 
Thinning interval
Thinning interval defines the periodicity of thinning treatments. It is expressed most frequently by the number of years between two treatments following each other, when thinning is performed. For the collection of experimental material for research on thinning intensity a 10-year thinning interval was determined according to the methodology. This interval is based especially on literature knowledge published until now, and the same planning period in forest management plans is also an important argument for the 10-year thinning interval.
In planning, the beginning and end of thinning, it means its duration in rotation (life of stand) is inseparable time characteristics. Determination of these time characteristics was based on the age when constant mean diameters of the stand are reached, e.g. 6, 19 and 25 cm in dependence on the yield class. These diameters characterize growth phases of stands: -6 cm lower limit of the growth phase of pole stage, which is considered in silviculture as the beginning of thinnings; -19 cm upper limit of the growth phase of pole stage; -25 cm upper limit which is considered in silviculture as the end of thinnings. Mountain spruce stands of site class 32-16 reach the given diameters at the age of 20-35 years. In accordance with Work Procedures of Forest Management the age for first thinnings is 30-55 years, when stands should reach the mean diameter of 12 cm. These spruce stands should reach mean the diameter of 25 cm at the age 60-110 years.
After generalization of all aspects of planning and performing thinnings in mountain spruce stands we recommend the following thinning intervals according to site classes: -site classes 28-32: 40-year thinning period. To perform 5 thinning treatments at the stand age of 20-60 years. rd thinning with 30-year interval. Thinning is not considered in the stands of the lowest site class, it means 10-l4. Proposed thinning intervals should be understood as general recommendations. In practice the thinning interval should be determined in a concrete stand only on the basis of actual state and needs of the stand.
DISCUSSION
Models of induction thinnings in mountain spruce stands represent decennial thinning percents derived from marked thinning treatments on research plots. These models were compared with the models of thinning percents of spruce stands in lower locations (HALAJ et al. 1986 ). The comparison is illustrated in Fig. 4 , on the basis of which we can assume that thinning percents of mountain spruce stands reach only 60% in comparison with spruce stands in lower locations.
We made a similar comparison also with currently planned decennial thinnings in forest management plans. We sorted out spruce stands of the 7 th altitudinal spruce zone with the age 30-100 years, stocking 0.7-1.0 and spruce proportion 90-100% from valid plans. The stands where thinning was planned and those where it was not planned were sorted out separately. As Table 4 shows, in most of these stands (64%) thinning is not planned in forest practice. Fig. 5 presents a comparison of model thinning percents of partially tended stands with planned percents in forest management plans. As we can see, the model percents are higher by about 30-40% than they are planned in forest management plans.
Though all comparisons demonstrate that thinning model percents have higher values than those applied until now, they cannot be recommended as average values, only as minimal values. The currently applied thinning intensity of 5-7% in older stands and about 10% in younger stands is insufficient as it only copies natural dieback and loss of trees in stands. The fitted course of volume thinning index I v does not correspond to generally valid literature knowledge. In accordance with the knowledge I v should grow with age during life-time tending of stands, with mean diameter, height and decreasing number of trees (DELVAUX 1968) . In accordance with HALAJ (1975) the reason for this discrepancy is that thinnings in experimental material were only the first treatments in stands, not the tendency of their lifetime development and tending. Some other authors studying the type of thinnings on short-term experimental plots (CARBONNIER 1971) also drew the same conclusions.
Under current conditions of the management of mountain spruce stands with insufficient accessibility of these stands the issue of their rationalization is very actual. It is based on a possibility of accumulating several time-close thinnings into a smaller number of thinnings with longer interval.
Though the role of mountain forests in the 7 th altitudinal spruce zone is mostly the fulfilment of non-production functions, their production function and tending must not be neglected, either. Despite of the relatively good natural conditions their static stability is disturbed due to long-term absence of their tending. The stands cumulate a large amount of biomass from dead trees and they enter the stage of decline very early. The considerably unfavourable state of mountain spruce stands is also caused by their bad accessibility. Lasting non-uniform opinions regarding the need of their more systematic tending also contribute to this unfavourable state as well as inconsistent implementation of planned tending treatments. Their management would be optimal if the requirement for increasing nonproduction functions is met. In justified cases, mainly in homogeneous and even-aged spruce stands with better site classes that were established after large disasters on large areas, the use of production function could also be considered optimal. From this aspect the tending of forest stands by thinnings can be an optimal or at least sufficient way of their management. 
